Introduction
Our society's growing energy demands and the impact of rising CO 2 emissions have resulted in the awareness of the necessity of developing sustainable and carbon-neutral alternatives to fossil fuels. [1] [2] [3] Of the possible sustainable energy sources, only solar energy has the potential to meet the global energy demands. In this context, an attractive way of harnessing solar energy is artificial photosynthesis, where solar energy is employed to split H 2 O into O 2 and a fuel, H 2 (eqn (1)), thus storing the energy provided by the sun in chemical bonds. Therefore, methods for converting and storing solar energy are being intensively pursued:
Owing to its natural abundance, H 2 O would be the ideal source of reducing equivalents, i.e. protons and electrons. However, the development of efficient catalysts for the oxidation of H 2 O remains a bottleneck in the development of technologies for the conversion of solar energy into fuels. 7 The natural photosynthesis provides a brilliant strategy for harnessing sunlight and using it to oxidize H 2 O to O 2 in order to generate the necessary reducing equivalents for producing biomass by reducing CO 2 to carbohydrates. This process, which takes place in the photosynthetic machinery of green plants and cyanobacteria, is the basis for a major part of our global energy supplies and is thus a crucial reaction in order to sustain life on earth.
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Photosynthesis-light-harvesting for the oxidation of H 2 O
The initial step in the photosynthetic machinery involves light absorption aided by photosynthetic pigments. The energy is subsequently funneled to the central P 680 reaction center, resulting in charge separation to give the oxidized P 680 (P 680 + ).
Reduction of P 680 + occurs by abstraction of an electron from the Mn 4 Ca cluster located in the oxygen-evolving complex (OEC). After four consecutive electron transfers, the Mn 4 Ca cluster is regenerated by formally oxidizing two molecules of H 2 O to O 2 (eqn (2)):
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X-ray crystallography has revealed that the OEC is composed of a cuboidal Mn 3 Ca core with a dangling Mn center (Fig. 1) . [12] [13] [14] [15] The mechanism by which this Mn cluster catalyzes the oxidation of H 2 O is currently fairly well understood. However, some questions still remain unsolved and it is therefore still actively studied with the view that further insight into the mechanism is important for the design of artificial systems for solar energy to fuel conversion.
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Artificial photosynthesis
In contrast to natural photosynthesis where the protons and electrons produced from H 2 O oxidation are used to convert CO 2 to biomass, in artificial systems they are converted into simpler chemical fuels, such as H 2 . The light-driven H 2 O splitting requires the orchestration of several intricate processes, such as light absorption, charge separation, oxidation of H 2 O and reduction of the generated protons. 4 In artificial photosynthetic systems, catalysts for the oxidation of H 2 O are currently the bottleneck. To catalyze such an energy demanding reaction as H 2 O oxidation, the catalysts should be able to accumulate several oxidizing equivalents, forming the essential O-O bond, and operate close to the thermodynamic potential. 7 The design of artificial water oxidation catalysts (WOCs) thus represents a fundamental challenge in schemes for artificial photosynthesis and has therefore been the major focus of research during the past few decades. 23 The majority of homogeneous WOCs are based on the second-and third-row transition metals Ru and Ir. 24 Complexes based on these metals have been shown to produce robust and highly active WOCs, and are, in general, thought to generate the vital O-O bond either via the water nucleophilic attack (WNA) mechanism or the interaction of two metal-oxo units (I2M) (see Fig. 2 ). [25] [26] [27] [28] If water splitting is to become economically viable on a global scale, the high cost and low abundance associated with transition metals, such as Ru and Ir, may become a problem. The construction of WOCs based on earth-abundant first-row transition metals is therefore highly desirable. Despite considerable efforts, the development of robust WOCs incorporating first-row elements that operate under mild conditions has proven particularly challenging. [29] [30] [31] [32] this could have a widespread impact on the construction of low-cost devices for solar energy to fuel conversion. This Perspective summarizes recent advances in the design of WOCs based on earth-abundant first-row transition metals with an emphasis on homogeneous systems based on Mn, Fe, Co and Cu. An examination of the advantages and current limitations of the highlighted catalytic systems is also presented, along with potential future directions of this expanding research area.
Methods for evaluating water oxidation catalysts
There exist essentially three different methods for evaluating whether a complex is capable of oxidizing H 2 O. The first method is chemical oxidation and involves the use of sacrificial oxidants, allowing for rapid screening of potential WOCs. The most widely used one-electron oxidant is ceric ammonium nitrate (CAN, Ce(NH 4 ) 2 (NO 3 ) 6 , Ce IV ), which has a redox potential of ∼1.70 V vs. NHE (normal hydrogen electrode). 33 However, the O 2 studies with Ce IV (eqn (3)) need to be performed in acidic aqueous media, due to the instability of Ce IV at higher pH, and this limits the evaluation to homogeneous catalysts that are resistant to decomposition under acidic conditions:
A number of two-electron oxidants have also been used for the evaluation of WOCs, including potassium peroxymonosulfate (Oxone®) 35 and sodium periodate (NaIO 4 ), 36 which have redox potentials of 1.82 V and 1.60 V vs. NHE, respectively. 37, 38 The main advantage with these oxidants is that they can be used under neutral conditions, thus allowing the examination of acid labile catalysts. 39 The two-electron nature of these oxidants limits their relevance to one-electron conditions, which might occur in photoelectrochemical cells. Oxone® and NaIO 4 are also known oxo-transfer reagents, which precludes that both oxygen atoms in the generated O 2 originate from H 2 O; however, this can be easily determined by mass spectrometry using 18 Fig. 3 ; bpy = 2,2′-bipyridine), which has a redox potential of 1.26 V vs. NHE. Although this and related complexes have not been widely used as oxidants (eqn (4)), perhaps due to their high cost, the advantages of these oxidants are their activity under neutral conditions and the fact that they can be photochemically generated from the corresponding [Ru(bpy) 3 ] 2+ -type complexes. 42 The photochemistry of these Ru polypyridyl complexes has been extensively studied and their photophysical properties are well documented:
In combination with a sacrificial electron acceptor, [Ru(bpy) 3 
In addition to the aforementioned ( photo)chemical techniques for studying WOCs, ( photo)electrochemical methods are also available. Here, an important parameter is the socalled overpotential, which is the potential that has to be applied in an electrolysis cell in addition to the thermodynamical potential for a given half-reaction. 48 These electrochemical studies have a major advantage, namely that the studied system resembles the conditions that would be employed in the envisioned formation of solar fuels. 
Distinguishing between heterogeneous and homogeneous species
Earth-abundant WOCs are especially prone to undergo irreversible structural modifications, leading to transformation of the initially homogeneous complex into heterogeneous metal oxide species. The designed metal complexes merely act as precursors for the in situ formation of metal nanoparticles that might be the true active catalytic species. An essential element for researchers working in the field is thus to determine whether the observed activity is derived from the pristine metal complex or whether nanoparticles, produced during the oxidation process, are responsible for converting H 2 O to O 2 . Several distinct physical techniques exist for establishing whether the starting well-defined molecular complex is the true catalytic species or merely a precursor and include X-ray photoelectron spectroscopy (XPS), energy-dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM), and dynamic light scattering (DLS). In combination, these techniques provide a powerful toolbox for assessing the real catalytic entity. One also needs to consider that a slight change in the reaction conditions may have a great effect on both the stability of WOCs and the operating mechanism. Based on UV-vis spectroscopy and electron paramagnetic resonance (EPR) experiments, the authors proposed a simplified mechanism, depicted in Scheme 1, for O 2 formation from the reaction of Mn complex 5 with NaClO. The proposed mechanism involves an initial oxidation of dimeric Mn complex 5 to produce a Mn IV,IV 2 species (6), which can react with the oxidant to generate Mn V vO (7 77, 78 This is further supported by findings concerning the possible involvement of a tetrameric Mn species [79] [80] [81] while another report suggests that heterogeneous Mn-oxides are generated. 82 Based on previous findings, 83 McKenzie and co-workers housing a bioinspired ligand scaffold with imidazole, carboxylate and phenolic groups. 99 In the solid state, the crystal structure revealed that Mn complex 21 adopts a tetrameric structure (22, Fig. 10 
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This journal is © The Royal Society of Chemistry 2016 A number of experiments were also undertaken to exclude the involvement of heterogeneous nanoparticles: (1) no spectral changes were observed for the electrolysis solutions, (2) DLS measurements provided no evidence for nanoparticles, (3) the catalytic current does not increase over successive scans, which would be expected if a catalytic deposit was produced, and (4) EDX measurements showed no evidence of the formation of Mncontaining deposits on the electrode. Collectively, these results point to a homogeneous pathway for the oxidation of H 2 O. Mechanistic studies revealed that the catalytic current varies linearly with the concentration of Mn complex 34, indicating that O-O bond formation occurs at a single metal center. 121 The results highlight that a ligand-controlled switch in catalytic reactivity has implications for the design of novel Mnbased WOCs.
Brudvig and co-workers recently investigated the H 2 O oxidation ability of the three mononuclear Mn complexes depicted in Fig the properties and function of the natural OEC. Given the interesting properties associated with the Mn cluster mimics, it is expected that this research area will continue to expand and thus offers a promising future for producing artificial model systems for activation of small molecules, such as H 2 O.
Homogeneous Fe-based complexes for water oxidation
Fe is an essential element in a variety of enzymes and perhaps the most important transition metal from a biological point of view. Fe catalysis has emerged as a prominent research field and in recent years there has been a tremendous development in this area. 174 Fe is known to have a rich redox chemistry and to adopt a variety of redox states. In addition to having access to this broad spectrum of redox states, Fe-complexes have the ability to engage in both one-and two-electron processesessential features for H 2 O oxidation catalysis. The large number of spin states accessible to Fe should also make it amenable to tuning, by varying the ligand environment. Although Fe is associated with these attractive properties, relatively few examples exist of Fe-catalyzed H 2 O oxidation.
Mononuclear Fe-based catalysts
Seminal work on Fe-catalyzed H 2 O oxidation has already been carried out in the 1980s. 175 However, the first examples of homogeneous Fe-based WOCs were reported by Collins and co-workers in 2010. 176 In order to stabilize the Fe center, the authors employed tetraamido macrocyclic ligands (TAMLs This mechanism was proposed to involve the formation of a formal Fe VI -oxo species, which upon further inspection was better described as having an Fe V center with a ligand cation radical. Three distinct ligand modification pathways were also realized: (1) H 2 O or (2) nitrate (the anion originating from the Ce IV oxidant) attack on the ligand framework, and (3) amide oxidation. The pathway involving H 2 O attack on the ligand was associated with a low barrier and results in the opening of the benzene ring. The observed reactivity pattern for the Fe-TAML complexes 44-48 could also be rationalized as it was found that the barrier for O-O bond formation decreased with electron-withdrawing substituents. However, the introduction of electron-withdrawing units increases the redox potentials and adds an additional energetic penalty. These effects need to be carefully balanced in future designs of ligands. Another class of Fe-based WOCs was described by LloretFillol and co-workers. 190 The authors evaluated the catalytic activity of a series of Fe complexes based on tetra-and pentadentate ligand motifs (Fig. 27) . (μ-OH)(μ-O) complex of catalyst 55 α showed that the dimeric complex was associated with a lower reaction rate and a different kinetic behavior, discarding such dimeric structures as essential active intermediates in the studied Fe-based system. Addition of 6 equivalents of Ce IV oxidant resulted in the appearance of new . The isomeric Fe complexes 55 α and 55 β also displayed different reactivity, arising either from steric encumbrance or electronic effects. While the complex 55 β did not evolve O 2 , the α-isomer was found to produce O 2 according to the pathways highlighted in Scheme 5. These findings could thus provide valuable information for future evaluations of earth-abundant WOCs.
The relative ease by which Fe complexes housing tetra-and pentadentate nitrogen-based ligands can be accessed has attracted attention from several research groups. [196] [197] [198] The phosphonate modified Fe complex 71 ( Fig. 29) Fig. 30 ; dpaq = 2-[bis( pyridine-2-ylmethyl)]amino-N-quinolin-8-yl-acetamido), 200 which has previously been reported to mediate alkane hydroxylation with H 2 O 2 as an oxidant. 201 Meyer and co-workers found that the [ 
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A series of Fe-complexes containing pendant bases have also been synthesized by Yang and co-workers (76-82, Fig. 31) . 202 The authors envisioned that incorporation of bases into the second coordination sphere would facilitate PCET events and lead to enhanced reaction kinetics. However, Fe complexes 78-80 were shown to be inactive catalysts as they were not able to reach the critical Fe IV vO state. For Fe complexes 81 and 82, an undesirable change in coordination took place, in contrast to what was observed for the analogous complexes lacking the introduced heteroatoms. Of the developed Fe complexes, only the pyridazine containing complexes 76 and 77 displayed H 2 O oxidation activity similar to the analogous complexes lacking the ancillary proton relays. Although the introduction of proton relays did not improve the catalytic activity of the Fe complexes, the concept of designing ligand motifs containing strategically functionalized moieties able to Scheme 5 Reactivity differences between the isomeric Fe complexes 55 α and 55 β . participate in PCET is an attractive feature for accessing improved Fe-based WOCs. It needs to be stressed that the molecular nature of Fe-based complexes is highly dependent on the reaction conditions. 203 Additionally, the catalytic activity of Fe-based complexes and the formation of metal nanoparticles are extremely susceptible to electronic and structural features. This intricate behavior is elegantly illustrated by recent examinations conducted by the groups of Lau 204 and Fukuzumi. 205 In these studies, the Fe-based complexes were shown to act as homogeneous catalysts under more acidic conditions while more basic conditions facilitated the formation of Fe-oxide nanoparticles.
The rational construction of ligand scaffolds, which allow high-valent Fe species to be generated and stabilized, still remains an essential challenge that needs to be addressed if more robust Fe-based catalysts are to be developed. As further insight into the mechanistic details of Fe-catalyzed H 2 O oxidation emerges, new ways to design more efficient Fe-based systems will most certainly be devised.
Dinuclear Fe-based catalysts
Although a variety of mononuclear Fe-based complexes have been shown to catalyze H 2 O oxidation, examples of dinuclear Fe complexes capable of mediating this transformation are currently limited. Initial observations on dinuclear Fe species being involved in the catalytic process were reported by Najafpour and co-workers. 206 The Fig. 32 ) which contains a μ-oxo bridge. When the dinuclear Fe complex 83 was examined as a WOC using Ce IV as a chemical oxidant, the rate for O 2 evolution was found to be significantly higher 206 than for its mononuclear analog 58 (see Fig. 27 ). 190 The rate was found to be first order in both Ce (85) .
nanoparticles in the studied catalytic system could successfully be discarded based upon DLS measurements. 208 The collective work on dinuclear Fe-based catalysts highlights that dinuclear species have the potential of generating more active catalytic systems compared to their mononuclear counterparts. The continued endeavors in this field will likely result in a rapid expansion of viable, and more robust, dinuclear Fe-based catalysts. This is further highlighted by the fact that a recently developed homogeneous pentanuclear Fe complex is able to facilitate O-O bond formation with an impressive efficiency. 210 
Co-based systems for water oxidation
Inorganic Co salts have been studied as potential WOCs since the late 1960s. 175, [211] [212] [213] Although these early attempts were rather unsuccessful due to precipitation of heterogeneous species, they suggested the involvement of Co IV species during the catalytic process. 214 Spurred by the findings of Nocera and co-workers that CoO x species (CoP i catalyst, Fig. 34 The original report on Co-POM 88 contained a rigorous evaluation of whether the observed catalytic activity originated from the homogeneous Co-POM 88 or whether decomposition resulted in Co oxides which were the real catalytic entities. From these extensive experiments it was suggested that Co-POM 88 did not decompose and operated via a homogeneous mechanism. 230 Although Hill and co-workers concluded that Co-POM 88 was stable under the studied reaction conditions, subsequent reports challenged these conclusions, showing that POM 88 decomposed to Co oxides as the dominant catalyst. 239, 243 Additional studies revealed that the slight modifications of the reaction conditions influenced the operating mechanism and indicated that the conclusions from the original publication on Co-POM 88 were indeed correct. 244, 245 They further highlight that the homogeneity of WOCs is highly dependent on the reaction conditions, such as the buffer and pH, which needs to be considered when determining the involvement of heterogeneous metal oxide species during catalysis. 246 The group of Galán-Mascarós subsequently reported on a high-nuclearity Co-POM, [Co 9 (OH) 3 Fig. 36 ). 247 The nonanuclear Co core is stabilized by three hydroxo and two hydrogen phosphate bridges. Subsequent studies by Bonchio and co-workers involved the examination of isostructural analogs of Co cubane 96.
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The authors targeted Co cubanes 98-103 (Fig. 38 ) in order to study catalyst tuning for boosting the photocatalytic efficiency in the three-component system previously used by Dismukes and co-workers. Hammett linear free energy plots were employed and revealed a correlation between the photoinduced electron transfer constants and the electron-donating ability of the ligand. However, under the explored conditions all of the investigated cubanes reached similar TONs (∼140), with the difference being the rate by which O 2 was produced. Ofoli and co-workers recently immobilized Co cubane 96 on ITO and showed that the cubane catalyst retained its catalytic activity similarly to the homogeneous catalytic entity. 262 Sun and co-workers have also coupled Co cubane 96 to [Ru(bpy) 3 ] 2+ -type photosensitizers to generate two supramolecular assemblies, assembly 104 depicted in Fig. 39 Although the reason for the striking difference in activity for the cyclic assembly 105 is still not clear, the authors speculated that assembly 105 was more robust than the linear counterpart. This hypothesis originated from the fact that cyclic assembly 105 exhibited fewer changes in the UV-vis spectrum during the photocatalytic experiments compared to assembly 104. A mechanistic investigation conducted by Tilley and coworkers on the Co 4 O 4 ( pyr) 4 (OAc) 4 cubane (96) species. The proposed mechanism for the reduction of 96 + by OH − is depicted in Scheme 7. 265 The mechanism by which Co cubanes mediate H 2 O oxidation has also been investigated by density functional theory (DFT) calculations. 266, 267 Several reaction pathways were considered; however, the lowest energy pathway for Co cubane 96 was found to proceed through a formal Co V species, which is perhaps better described as a Co IV center coupled to an oxygen radical. The mechanism with the lowest energy involved water nucleophilic attack on the formed oxygen radical. 266 In a related study, the pathway was observed to involve germinal coupling of a formal Co V -oxo unit with bridging oxo sites. In this study the examined models were revealed to be sensitive to positions of the ligands and the hydrogen bonding environment, resulting in distinct isomers with different energies. 267, 268 The studies described above highlight the necessity of designing Co cubanes, and other Co-based WOCs, that are capable of accessing highvalent redox states. A multimetallic system is well-suited to stabilize such high redox states but is not a prerequisite for designing active Co-based WOCs since the ancillary ligands can also be an essential feature for tuning the redox potentials of the metal complexes. Fig. 40 ; hmp = 2-(hydroxymethyl)pyridine) was synthesized by Patzke and co-workers as the first Co II -based cubane WOC. 269 The catalytic activity of Co cubane 112 was evaluated in lightdriven H 2 O oxidation using [Ru(bpy) 3 ] 2+ as a photosensitizer and Na 2 S 2 O 8 as a sacrificial electron acceptor. From these experiments it was established that the O 2 evolution performance was strongly dependent on the pH. The TOF was shown to change notably over the studied pH range, from 1.8 s −1 at pH 7 to 7 s −1 at pH 9. Several different techniques were used to determine the extent of nanoparticle formation and suggested that the Co cubane core of 112 remains intact. The high catalytic activity of Co cubane 112 was attributed to its flexible architecture consisting of monodentate acetate and aqua ligands in combination with a robust core. A recent computational study suggests that O-O bond formation occurs either through a single-site pathway involving H 2 O attack on a Cooxo species or through an oxo-oxo coupling pathway. 270 Subsequent work on biomimetic Co cubanes consisted of the synthesis and examination of a series of isostructural Co cubanes (113) (114) (115) (116) . The stability of the lanthanide containing Co cubanes was subsequently assessed employing a variety of different techniques, including UV-vis aging tests, DLS, and extended X-ray absorption fine structure (EXAFS) and X-ray absorption near-edge structure (XANES) solution phase tests, which supported the structural integrity of the [Co Although the stability of the various Co cubane WOCs was assessed and pointed to a homogeneous H 2 O oxidation pathway operating with the cubane core being intact, a report from the Nocera group suggested that the catalytic activity emanates from a Co II impurity. The Co II impurity was proposed to act as a source for the generation of heterogeneous Co species that are the real catalysts. These heterogeneous species are believed to be formed if the potential is sufficiently high to oxidize the Co II to Co III in the presence of a proton accepting electrolyte, such as phosphate and carbonate. 272 A recent report also questions the homogeneity of the Co-based cubane complexes, and highlights the dependence on the initial structure and the catalytic methodology being used. 273 From the conflicting results regarding the homogeneity of Co cubanes it is clear that care must be exercised when examining whether a specific WOC operates through a homogeneous mechanism or whether heterogeneous species are produced in situ, and the studied molecular complex merely acts as a precursor. However, deriving a definite conclusion for the examined catalytic system is not always straightforward and can be highly sensitive to the methodologies and experimental conditions being employed.
Mononuclear Co catalysts
The early observation that Co IV species could be involved in the catalytic oxidation of H 2 O using simple inorganic salts suggested that one key to realizing molecular Co WOCs might be to design ligands that permit stabilization of high-valent Co intermediates. Two seminal reports by the groups of Berlinguette 274 and Nocera 275 showed that this principle was indeed viable. Berlinguette and co-workers utilized the pyridine-based pentacoordinating ligand Py5, 126, 127 complexes. The importance of the hangman cleft is believed to be its ability to arrange one H 2 O molecule in the primary coordination sphere of the Co center and another molecule in the secondary coordination sphere via hydrogen bonding to the xanthene hangman motif (see Fig. 43 ). 275 Subsequent quantum chemical modeling supported the feature of the carboxylate unit in functioning as a general base to activate the attack of the incoming H 2 O molecule on the metal-oxo species. Additional key features in the catalytic cycle that were uncovered included the non-innocent role of the corrole backbone and that fluorination of the ligand backbone modulates the electrophilicity of the metal-oxo moiety and alleviates the decomposition of the produced corrole radical cations. 280, 281 Another Co corrole complex that has been reported to catalyze electrocatalytic H 2 O oxidation is [Co(tpfc)( pyr) 2 ] (121, Fig. 44 ; where tpfc = 5,10,15-tris( pentafluorophenyl)corrole and pyr = pyridine). 282 Stability tests suggested that Co corrole 121 did operate through a homogeneous mechanism. The catalytic rate of H 2 O oxidation for Co complex 121 was enhanced by increasing the phosphate concentration, indicative of the importance of proton transfer for O-O bond formation, which was also calculated to constitute the ratedetermining step.
Co porphyrins have also been employed as WOCs and are depicted in Fig. 45 . 283, 284 Sakai and co-workers recently reported that Co porphyrins 122-124 could function as active WOCs in photochemical oxidation of H 2 O. Of the studied catalysts, Co porphyrin 124 was found to be the most efficient one (see Table 2 ). DLS measurements were also carried out to provide information whether nanoparticles are generated during the course of the catalysis. After the reactions, the solutions did not show any dispersion due to nanoparticle formation upon irradiation, which is in contrast to [Co(bpy) 3 ]
2+
that was shown to efficiently produce nanoparticles when irradiated. The second order catalyst dependence suggests a bimolecular radical coupling event as the rate-determining step. Two pathways for O-O bond formation were therefore proposed (Scheme 8), which featured either radical coupling of two formal Co IV -oxyl or two Co III -oxyl species, generated from the disproportionation of two Co IV species. 283 Although nanoparticle formation was not observed for Co porphyrins 122-124, the catalytic activity of these catalysts diminished significantly in subsequent runs after addition of fresh Na 2 S 2 O 8 . The authors attributed this effect to decomposition of the Co porphyrins into catalytically less active or inactive entities. However, these entities must still contain the Co center; otherwise nanoparticles should have been observed. Mass spectrometry analysis of the reaction products revealed that oxidative cleavage of the porphyrin rings occurs at the meso positions, which produces species such as 134 (Fig. 46) . 283 In a previous report, meso-substituted Co porphyrin complexes have been shown to react with singlet oxygen ( 1 O 2 ), which is a powerful oxidant produced during H 2 O oxi- high-valent Co V species rather than oxyl coupling between two Co-oxyl units (Scheme 9 (Fig. 45) . 284 These porphyrin complexes were shown to mediate electrochemical H 2 O oxidation, with Co porphyrin 125, housing the electron-deficient ligand, being the most efficient catalyst. The key species for these WOCs was proposed to be a Co IV -oxo species containing an oxidized radical por- Several Co-based complexes with organic ligand frameworks have been shown to act as precatalysts to heterogeneous Co nanoparticles (Fig. 49) . [291] [292] [293] Although the initial welldefined Co complexes are transformed into heterogeneous materials, the carbonaceous residues originating from the ligand frameworks act as modifiers or capping agents of the generated nanoparticles. This indicates that the ligands might affect the structure and efficiency of the nanoparticular catalysts and suggests a ligand dependent route to efficient and robust catalytic materials, opening an appealing avenue for future research. 296 Further mechanistic investigations will likely result in a fundamental understanding of the catalytic process and enable the design of more efficient dinuclear Cobased WOCs. 
Dinuclear Co complexes as water oxidation catalysts

Homogeneous Cu-based systems for catalytic water oxidation
Copper is a common catalyst for mediating aerobic oxidations using molecular oxygen as the terminal oxidant. 298 However, only a handful of Cu-based catalysts are known to be capable of promoting the opposite reaction-H 2 O oxidation. This can perhaps be explained by the metal's preference to carry out one-electron redox events rather than two-electron processes, which are at the core of H 2 O oxidation. Early investigations on Cu-catalyzed H 2 O oxidation was conducted by Elizarova and co-workers. 175 However, the first welldefined homogeneous Cu-based complex was reported by Mayer and co-workers in 2012. 299 The authors examined the ability of the [Cu(bpy)(OH) 2 ] complex 156 (Fig. 51) , a selfassembling Cu complex, to mediate electrochemical H 2 O oxidation. EPR measurements and control studies with Cu oxide implied that the [Cu(bpy)(OH) 2 ] complex was homogeneous in nature. However, the stability of this Cu complex was severely hampered as it merely afforded a TON of ∼30, highlighting that more robust catalysts need to be designed in order to access more efficient Cu-based WOCs. Lin and co-workers recently studied the catalytic activity of 4,4′-and 6,6′-substituted bipyridine-based Cu complexes. The authors found that Cu complex 157, [Cu(bpyOH)(OH) 2 ], housing the 6,6′-dihydroxy-2,2′-bipyridine ligand provided an efficient WOC (Fig. 52) . 300 This ligand has previously been employed for other transformations, such as CO 2 reduction 301 and carbonylation reactions, 302 where it was proposed to have a non-innocent role during the catalytic transformations. Lin and co-workers therefore utilized the 6,6′-dihydroxy-2,2′-bipyridine ligand, envisioning that the ligand could be employed as a redox-active entity to modify the reactivity of the metal center to enhance the catalytic activity. 300 For Cu complex 157, O 2 evolution was shown to occur in controlled potential electrolysis (CPE) with an overpotential of ∼640 mV, giving a TON of ∼400. The 4,4′-dihydroxy-2,2′-bipyridine analogous Cu complex showed a significantly higher overpotential for H 2 O oxidation than Cu complex 156. Both experimental and computational studies suggested the involvement of the ligand framework in electron transfer and proton transfer events, thus enhancing the catalytic activity of the Cubased WOC. 300 The chemistry of 6,6′-substituted 2,2′-bipyridine-based Cu complexes in H 2 O oxidation catalysis has also been investigated by the group of Papish. 303 The group of Meyer has recently developed a self-assembling Cu tetrapeptide-based complex (158, Fig. 53 ). 304 Cu complex 158 contains a triglycylglycine ligand (H 4 tgg), which creates a suitable environment for the coordination of Cu. 305, 306 At pH 11, CPE showed that the catalytic current was maintained for ∼5 h, resulting in a TON of ∼13 based on the initial amount of Cu complex 158 in solution. Several lines of evidence supported a homogeneous mechanism: (1) no spectroscopic change of the electrolysis solution was observed, during CPE only minor changes in the peak current or wave shape were observed, (2) an electrode subjected to CPE at 1.32 V vs. NHE with Cu catalyst 158 resulted in no catalytic response when subjected to a fresh catalyst-free electrolyte solution, and (3) no precipitation or film generation was observed by SEM and XPS. Llobet and co-workers recently prepared a family of Cu complexes (161-164) based on tetra-anionic tetradentate amidate ligands. 309 The prepared Cu II complexes (Fig. 54 ) were found to be four-coordinate with a square planar geometry. Electrochemical measurements for the Cu II complexes revealed a significant electrocatalytic current corresponding to H 2 O oxidation together with two redox waves. The first quasi-reversible wave was assigned to a one-electron process, generating a Cu III species (eqn (6)). The subsequent pH-dependent wave was proposed to be associated with a ligand-based oxidation, furnishing a formal aryl radical cation (eqn (7)): 
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This journal is © The Royal Society of Chemistry 2016 309 The use of tailored ligands which are able to donate electrons-being non-innocent-during the catalytic oxidation process can be essential for designing novel molecular WOCs where this cooperative effect can alleviate the metal center from being too highly oxidized during the catalytic process.
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The Cu-based WOCs described thus far require alkaline conditions in order to mediate electrochemical oxidation of H 2 O. However, the dinuclear Cu II,II 2 complex 165 (Fig. 55 [316] [317] [318] highlighting the importance of determining the true nature of the catalytic entity when studying Cu-based WOCs. For Cu POM 166, multiple experiments, including DLS, UV/vis spectroscopy and nanosecond laser flash photolysis experiments, suggest that Cu POM 166 is the dominant species under the studied catalytic conditions and that it operates through a homogeneous mechanism. 314 
Conclusions & outlook
Artificial photosynthesis is a competitive and rapidly expanding research field which offers routes to carbon-neutral and renewable fuels. Here, the development of robust catalysts for the oxidation of H 2 O is currently the bottleneck. Due to their low cost, catalysts based on earth-abundant first-row transition metals are highly attractive and have received considerable attention. This Perspective summarizes advances in the development of molecular WOCs composed of earth-abundant metals.
Although relatively few water oxidation catalysts based on first-row transition metals had been reported before the early 2000s, recent years have seen a dramatic increase in the number of such catalysts. However, a majority of these catalysts require two-electron oxo-transfer oxidants to drive H 2 O oxidation. Despite considerable progress in recent years, a limiting feature encountered with these first-row transition metal WOCs is their relative lability compared to catalysts based on second-and third-row transition metals, such as Ru and Ir. Due to the highly oxidizing conditions required to oxidize H 2 O, the rational design of robust and efficient WOCs based on first-row transition metals still remains a crucial challenge.
A common topic in the discussion of molecular earth-abundant metal WOCs is the nature of the real catalytic entitytheir homogeneity. Their propensity to form metal oxide nanoparticles under the catalytic conditions is a feature that requires particular attention. The generation of heterogeneous materials from the initially well-defined metal complexes is facile and highly dependent on the reaction conditions where small changes can affect both the mechanistic pathway and the stability of the examined metal complex.
The structural knowledge gained from studying the Mn 4 Ca cluster in the OEC has inspired researchers to design small metal-based model clusters of various shapes and nuclearities. These seminal studies have afforded considerable insight for the rational synthesis of closely related artificial metal-based cubane mimics of the natural photosynthetic system. For a long time, Nature has been a great source of inspiration in the development of molecular photosynthetic mimics for solar energy to fuel conversion and will certainly continue to stimulate the design of molecular mimics based on earth-abundant metals. 
